However, Th17 cells also contribute to inflammatory and autoimmune disorders such as multiple sclerosis. Th17 cell generation requires exposure of naive T cells to the cytokine TGF-β in combination with proinflammatory cytokines. Here we show that differentiation of Th17 cells is also critically dependent on αv integrins. In mice, lack of integrin αv in the immune system resulted in loss of Th17 cells in the intestine and lymphoid tissues. It also led to protection from experimental autoimmune encephalomyelitis (EAE). Further analysis indicated that αv integrins on DCs activated latent TGF-β during T cell stimulation and thereby promoted differentiation of Th17 cells. Furthermore, pharmacologic inhibition of αv integrins using cyclic RGD peptides blocked TGF-β activation and Th17 cell generation in vitro and protected mice from EAE. These data demonstrate that activation of TGF-β by αv-expressing myeloid cells may be a critical step in the generation of Th17 cells and suggest that αv integrins could be therapeutic targets in autoimmune disease.
Introduction
Th17 cells are a recently described subset of T helper cells distinct from Th1 and Th2 cells (1) (2) (3) (4) . They were initially characterized by expression of IL-17A and IL-17F, but also express IL-21 and IL-22 in addition to other cytokines, and are defined by expression of the transcription factor ROR-γT (5) . Th17 cells are an important component of adaptive immune responses to extracellular bacteria and fungi at mucosal surfaces and are most prevalent in the intestinal lamina propria (LP) (3) , where they are generated in response to colonization by microbes such as segmented filamentous bacteria (6, 7) . In the intestine, Th17 cells protect against infection and also mediate intestinal homeostasis though expression of IL-17A and IL-22 (8, 9) . In contrast, Th17 cells also act as pathogenic effectors in several mouse models of autoimmunity, most notably in experimental autoimmune encephalomyelitis (EAE), the mouse model of multiple sclerosis (10) . Recent cellular and genetic association studies have also linked Th17 cells to a wide range of human chronic inflammatory and autoimmune disorders, including multiple sclerosis, rheumatoid arthritis, and Crohn disease (4, 11, 12) . However, progress in understanding the role of Th17 cells in human disease is complicated due to their apparent plasticity (13) and overlapping patterns of cytokine expression between Th17 and other immune cell populations, and additional tools to selectively target Th17-responses are needed.
Th17 differentiation is critically dependent on TGF-β, in combination with IL-6 or IL-21 (14) (15) (16) . TGF-β also promotes differentiation of adaptive Tregs (aTregs), and Th17 cells and Tregs share a common precursor that expresses both ROR-γT and the Treg-specific transcription factor FoxP3 (17) . TGF-β is synthesized as an inactive latent precursor that requires cleavage and/or dissociation from the latency-associated peptide (LAP) to engage the TGF-β receptor and signal. αv Integrins are important physiological regulators of TGF-β activation, and deletion of αv integrins or disruption of the αv-binding site in TGF-β causes failure of effective TGF-β signaling in vivo (18) (19) (20) . We have previously shown that deletion of αv from myeloid cells leads to loss of intestinal Tregs and development of spontaneous colitis, which we attribute to failure of TGF-β activation by DCs and loss of TGF-β signaling to T cells (21) . Considering this observation and the common requirement for TGF-β in early commitment of both Tregs and Th17 cells, we set out to determine whether Th17 cell generation may also be regulated by αv integrins.
Results

αv-Deficient mice lack intestinal Th17 cells due to loss of αv from myeloid cells. We first analyzed T cells isolated from the LP of αv-tie2 mice,
which lack αv integrins in all hematopoietic cells (21) . The proportion of Th17 cells (determined either by high expression of the transcription factor ROR-γT or by production of IL-17) was significantly reduced in the intestines of αv-tie2 mice, consistent with a role for αv integrins in Th17 cell development. Indeed, deletion of αv integrins had a more significant effect on Th17 cells (7-fold reduction) than on FoxP3 + Tregs (3-fold reduction; Figure 1A ). Similar reductions in the proportions of Th17 cells were seen in lymphoid tissues, and in all cases the absolute numbers of Th17 cells were also reduced (data not shown). In contrast, IFN-γ-producing Th1 cells were expanded in the intestine and lymphoid organs ( Figure 1 , B and C). Furthermore, other IL-17-producing lymphocyte populations appeared to be largely unaffected by deletion of αv. In particular, γδ T cells, a major source of IL-17 in vivo, were present in similar numbers in control and αv-tie2 mice (data not shown) and showed equivalent levels of IL-17 production ( Figure 1D ). Consequently, expression of Il17a was not significantly decreased in the intestine of αv-tie2 mice, although Il17f was reduced 3-fold, suggesting that Th17 cells contribute significantly to the production of this cytokine in the intestine ( Figure 1E ). We therefore concluded that deletion of αv integrins from immune cells led to loss of Th17 cells but did not affect other IL-17-producing cells.
Loss of Th17 cells was not due to intrinsic defects in αv-deficient T cells, as CD4 + T cells from αv-tie2 mice differentiated normally into Th17 cells when adoptively transferred into αv-expressing SCID mice (Figure 2A) . Instead, αv expression by innate immune cells was required for differentiation of naive cells to Th17 cells, as T cells from wild-type mice did not become Th17 cells when transferred to αv-tie2/ SCID recipients ( Figure 2B ). To determine whether this was due to deletion of αv from myeloid cells, we analyzed Th17 cells in αv-LysM mice, in which αv is deleted specifically from macrophages, DCs, and neutrophils. Th17 cell numbers were significantly decreased in αv-LysM mice ( Figure 2C ), similar to our previous observations that the generation of intestinal Tregs required αv expression by DCs (21) . In addition, the proportion of IFN-γ-producing cells was not markedly increased in these mice, suggesting that the loss of Th17 cells was not due to expansion of Th1 cells, as has been proposed in other studies (22) . Together, these data show that Th17 cells were reduced in αv-deficient mice and that αv expression by myeloid cells was required to establish the intestinal Th17 population.
αv-Deficient mice do not develop pathological Th17 cells and are protected from EAE. In contrast to their protective role in mucosal immunity (8, 9) , Th17 cells are implicated in immune-mediated diseases and are critical for development of EAE (10) . To establish whether αv integrins were involved in generation of pathological Th17 cells, we tested whether αv-knockout mice were protected from EAE. Induction of EAE by immunization with myelin oligodendrocyte glycoprotein-derived (MOG-derived) peptide in control mice resulted in generation of Th17 cells in the LNs and spleen ( Figure 3A ) with subsequent infiltration into the brain and associated paralysis (Figure 3 , B-E). In contrast, immunization of αv-tie2 mice induced neither significant numbers of Th17 cells nor clinical signs of EAE (Figure 3) . Thus, we concluded that αv-tie2 mice fail to generate pathological Th17 cells, resulting in complete protection from EAE.
Building on these observations, we next assessed whether protection from EAE was due to loss of αv from T cells or from myeloid cells. Mice in which αv was deleted from T cells (αv-CD4 mice) developed brain-infiltrating Th17 cells and paralysis to the same degree as littermate controls, demonstrating that αv was not required on T cells for pathological Th17 development (Figure 3, F and G) . In contrast, αv-LysM mice were protected from disease, with delayed development of paralysis (18 days post-immunization in αv-LysM mice compared with 12 days in controls) and reduced disease severity when compared with controls (mean disease score at sacrifice of 1.4 ± 0.8 vs. 2.6 ± 0.3 in αv-LysM and controls, respectively; Figure 3, H and I). Furthermore, Th17 cells were reduced 3-fold in the brain of αv-LysM mice with EAE, confirming that αv expression by myeloid cells was essential for generation of pathological Th17 cells. The protection was less than that seen with αv-tie2 mice, probably due to incomplete deletion of αv from myeloid cells in αv-LysM mice (21) . These results demonstrate that generation of pathological Th17 cells and susceptibility to Th17-mediated disease required αv expression by myeloid cells but not T cells.
DC αv integrins activate latent TGF-β for generation of Th17 cells. We next set out to determine the mechanism by which myeloid cell αv integrins promoted Th17 cell generation. As we have reported previously, DCs appear to develop normally in αv-tie2 mice and migrate to tissues and LNs (ref. 21 and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI43796DS1). Furthermore, αv-deficient DCs produced normal levels of the Th17-promoting proinflammatory cytokines IL-6 and IL-23 when stimulated in vitro, and these cytokines were expressed in the intestine of αv-tie2 mice at similar or higher levels than those in control mice (Supplemental Figures 1 and 2 ). It was therefore unlikely that loss of Th17 cells was due to defects in antigen presentation or proinflammatory cytokine production by DCs. Instead, the defects in generation of both Th17 cells and Tregs in αv-tie2 mice implicated defects in TGF-β signaling. An important and nonredundant function of αv integrins in vivo is to bind latent TGF-β and catalyze conversion to an active form (18) (19) (20) . Our previous work, and that of others, has suggested that DCs express αvβ8, which allows them to bind and activate TGF-β, which is then available for paracrine signaling to cognate T cells (21, 23) . αv Integrin-mediated binding to TGF-β occurs through an Arg-Gly-Asp (RGD) tripeptide in the LAP (24) . We found that DCs were able to bind both LAP and the RGD-containing integrin ligand fibronectin, and this was dependent on αv expression ( Figure 4A ). To test whether DCs could activate TGF-β for signaling to T cells and promotion of Th17 differentiation, naive CD4 + T cells were co-cultured with DCs in the presence of IL-6 with active or latent TGF-β. DCs cultured with T cells alone or in the presence of IL-6 alone did not generate significant numbers of Th17 cells, whereas addition of active TGF-β stimulated generation of Th17 cells by both wildtype and αv-deficient DCs to an equivalent degree, as assessed by IL-17 production and expression of rorc ( Figure 4 , B-D). In contrast, increasing concentrations of latent TGF-β stimulated significantly higher proportions of Th17 cells in cultures of wild-type DCs than those with αv-deficient DCs (Figure 4 , B-D). Generation of Th17 cells was independent of T cell expression of αv, as αv-deficient T cells became Th17 cells in response to both active and latent TGF-β when co-cultured with wild-type DCs (data not shown). We next tested whether there needed to be a cognate interaction between the αv-expressing DC and the T cell, or whether bystander DCs that could not present antigen could nonetheless activate latent TGF-β and rescue the defect in αv knockouts. Using OT-2 TCR transgenic T cells, which respond to ovalbumin-derived peptide in the context of I-A b , we showed that DCs of C57BL/6 background (which express I-A b ) could generate Th17 cells in the presence of latent TGF-β, and that this required αv expression by the DCs. This could not be rescued by addition of wild-type DCs of BALB/c background, which expressed αv but could not present antigen to OT-2 T cells ( Figure 4E ). Together these data indicate that αv expression by DCs is required for interacting T cells to respond to latent, but not active, TGF-β. We conclude that, during antigen presentation, DC αv activates latent TGF-β, which can then signal to the interacting T cells and promote Th17 differentiation.
RGD peptide mimetics inhibit Th17 differentiation and protect from EAE. Small molecule mimetics of RGD have been used clinically to inhibit integrin-mediated adhesion and signaling in tumors, principally glioblastoma (25) . Using our in vitro co-culture system and a cyclic RGD (cRGD) peptide selective for αv integrins (26), we tested whether RGD mimetics might also block the ability of αv expressed by DCs to bind and activate TGF-β, and hence prevent Th17 differentiation. cRGD had no effect on Th17 cell differentiation in the presence of active TGF-β in both wild-type and αv-deficient DCs. In contrast, wild-type DCs treated with cRGD no longer responded to latent TGF-β, reducing Th17 generation to the levels seen when αv-deficient DCs were used ( Figure  4F ). cRGD had no effect on co-cultures of T cells and αv-deficient DCs, confirming that the cRGD was mediating its effects by inhibition of αv integrins on DCs. These results support a role for DC αv in TGF-β activation. Moreover, they demonstrate that the activation of TGF-β by DCs could be manipulated pharmacologically by the addition of cRGD peptides.
To establish whether this pharmacological approach could be used therapeutically, we tested whether cRGD could block development of Th17-mediated pathology in vivo. Wild-type mice treated with cRGD for 1 week following immunization with MOG peptide generated fewer Th17 cells than mice treated with an inactive control peptide ( Figure 5, A and B) . Furthermore, cRGD-treated mice were protected from EAE; over half of the mice (3/5) developed no major signs of EAE, and the remaining mice developed disease that started later and was significantly less severe than in control mice ( Figure  5C ). Hence, cRGD administered during T cell differentiation blocked Th17 differentiation and prevented later development of disease, consistent with inhibition of TGF-β activation by cRGD during initiation of Th17 responses.
Discussion
In summary, our data demonstrate a critical role for DC αv integrins in generating Th17 cells in normal homeostatic immunity or in pathological settings. We propose that this is due to the failure of αv-deficient DCs to activate latent TGF-β, which is required for T cell differentiation into Th17 cells and aTregs. Consequently, mice in which αv is deleted from myeloid cells did not develop Th17 cells in the intestine or in the periphery following immunization and were protected from Th17-mediated inflammatory disease. Furthermore, pharmacological inhibition of αv integrins impaired Th17 differentiation in vivo and ameliorated Th17-mediated pathology in a mouse model. These studies complement and build on the work of others (23) and on our previous work (21) , in which we demonstrated that αv integrins were required for generation of aTregs in the intestine. We previously postulated that αv integrins on myeloid cells are essential for T cell responses to TGF-β by facilitating activation of latent TGF-β. Here we provide direct in vitro evidence for this hypothesis and demonstrate that this mechanism underlies DC control of generation of both Tregs and Th17 cells. Th17 cells and aTregs appear to share a common precursor and a requirement for TGF-β signaling during early development, and the loss of both populations of cells in αv-deficient mice is consistent with this. However, our data show that αv deletion causes a greater reduction in Th17 cells than in FoxP3 + Tregs (Figures 1 and 2) , which are only depleted in the intestine and are actually found at higher numbers in mesenteric LNs (MLNs) of αv-tie2 mice (21) . This probably reflects the existence of a separate population of FoxP3 + Tregs (innate or natural Tregs) that develop independently of TGF-β signaling (27) . However, it is also possible that aTregs are less dependent on DC-mediated TGF-β activation than Th17 cells due to greater sensitivity to TGF-β, as was proposed by Littman and colleagues (17) , or to alternative mechanisms of TGF-β activation.
Th17 cells are increasingly implicated as pathogenic effectors in inflammatory disorders in humans, including rheumatoid arthritis, psoriasis, and multiple sclerosis, and our data support such a role, as αv-tie2 mice lacking Th17 cells are protected in an auto-inflammatory disease model, EAE. Th17 cells have also been implicated in inflammatory bowel disease (28, 29) , and high levels of IL-17A and other Th17-derived cytokines are found in inflamed mucosa of patients with either Crohn disease or ulcerative colitis (30) . Genome-wide association studies have also highlighted Th17-conditioning cytokine IL-23 and other genes in the Th17 pathway as potential contributors to inflammatory bowel disease (12, (31) (32) (33) (34) . However, αv-tie2 mice develop spontaneous colitis, as we described previously (21) , and our data therefore show that Th17 cells are not required for intestinal inflammation in mice. Furthermore, a number of recent studies in mouse models suggest that Th17 cells may actually be protective against colitis and act to maintain epithelial integrity during infection and immunity (7, 8, 35) . It is possible, therefore, that the loss of Th17 cells in αv-deficient mice contributes to the development of spontaneous colitis, which we had previously attributed principally to the loss of aTregs. In this regard, it is important to recognize that despite the lack of Th17 cells in αv-tie2 mice, other lymphocyte sources of IL-17 were largely unaffected by αv deletion, and IL-17A expression in the colon was not significantly changed. Hence, associations of inflammatory bowel disease with increased IL-17 do not necessarily implicate Th17 cells, and further studies with mice such as αv-tie2, which lack Th17 cells rather than Th17-derived cytokines, will be important to understand the function of this complex T cell subset in disease.
In this study, we have identified αv integrin as a new component of the mechanism by which DCs generate Th17 cells. Although we have not directly addressed the identity of the β subunit that is required for generation of Th17 cells, conditional deletion of β8 in DCs similarly is associated with colitis and loss of intestinal Tregs (23), strongly implicating αvβ8 in activation of TGF-β and associated Th17 cell generation by DCs. Our data further suggest that pharmacological disruption of this DC/αvβ8/TGF-β dialogue is a potential therapeutic option in Th17-mediated diseases.
Methods
Mice. αv-tie2 and αv-LysM mouse strains (21) were both backcrossed to C57BL/6 mice for at least 9 generations. αv-CD4 mice were generated by crossing C57BL/6 background (9 generations) αv-knockout and αv-floxed mice with C57BL/6 CD4 Cre transgenic mice (36) . In all cases, experimental mice carried 1 floxed and 1 knockout allele of Itgav with the respective CRE transgene; littermate mice with 1 floxed, 1 wild-type Itgav allele, and the CRE transgene were used as controls. For adoptive transfer experiments, αv-tie2 mice backcrossed 10 generations to BALB/c background were crossed into BALB/c SCID mice to generate αv-tie2; SCID mice and control SCID mice. CD4 + T cells were purified from spleens of control 6- to 10-week-old BALB/c mice by MACS, and 3 × 10 6 CD4 + cells were injected intravenously into 6-week-old αv-tie2 SCID and littermate control mice. Mice were sacrificed 6 weeks later and intestines analyzed for T cell development. All animals were housed under specific pathogen-free conditions at Massachusetts General Hospital and Massachusetts Institute of Lymphocyte isolation. Lymphocytes were harvested from lymphoid tissue by physical disruption and filtering through 40-μm strainer in PBS/2% BSA/2 mM EDTA (MACS buffer). Splenocytes were depleted of rbc (rbc lysis buffer; Sigma-Aldrich). For isolation of LP lymphocytes, small intes-
Figure 5
αv Blockade inhibits Th17 cell differentiation and protects from EAE in vivo. (A) Schematic of experiments to assess effects of cRGD on EAE progression. Mice were immunized (day 1) and given daily injections of cRGD or control peptide for 7 days, and their immune response was assessed at day 10, with paralysis monitored until day 21. (B) Percentage of LN CD4 + T cells that expressed IL-17 ten days after immunization (d10), or non-immunized mice (non) that also received cRAD/cRGD for 7 days. Each point represents an individual mouse, and data are combined from 2 independent experiments. *P < 0.05, Student's t test (n = 9 cRAD, n = 10 cRGD). (C) Progression of EAE in cRGD-and cRAD-treated mice. Data are mean ± SEM from at least 5 mice/group. *P < 0.05, Student's t test.
tine and colon were dissected from fat and Peyer's patches and washed to remove fecal content. Tissue was shaken three times for 15 minutes each time in HBSS/2 mM EDTA at 37°C to remove intraepithelial lymphocytes, digested in HBSS containing DNaseI (20 mg/ml) and Liberase (0.33 mg/ml; both from Roche) for 30 minutes, and incubated in PBS/2% BSA/10 mM EDTA. Leukocytes were purified using a 40%/80% percoll gradient (GE Healthcare), washed, and resuspended in MACS buffer or T cell medium for experiments.
EAE. For induction of EAE, mice of more than 12 weeks age were immunized subcutaneously with 200 μg MOG35-55 peptide (Hooke Laboratories) emulsified in CFA (containing 400 μg Mycobacterium tuberculosis H37Ra). Mice also received 250 ng of pertussis toxin (Hooke Laboratories) intraperitoneally at the time of immunization and 1 day later. For RGD blockade of αv integrins, 50 μg cRGD peptide in PBS (Enzo Life Sciences) was injected subcutaneously daily from immunization until day 7. The control group received 50 μg of cRAD peptide instead. Mice were monitored daily for clinical signs of paralysis and scored as follows: 0, no disease; 1, limp tail; 2, weak/partially paralyzed hind legs; 3, limp tail and complete paralysis of hind legs; 4, complete hind and partial front leg paralysis; 5, complete paralysis/death. Female mice were used for EAE studies, except in experiments with αv-CD4 CRE, in which predominantly male mice were used, which resulted in a slightly accelerated and more variable disease than with females.
Isolation of brain-infiltrating cells. Brains from mice with EAE were collected in ice-cold HBSS/10% fetal bovine serum, disrupted through a 100-μm strainer, and washed, and leukocytes were purified using a 37%/70% percoll gradient. Mononuclear cells collected from the 37%/70% interface were washed with HBSS/serum and used immediately for experiments. Cells from individual brains were processed separately.
In vitro T cell differentiation. Naive CD4 + CD25 -T cells were sorted by magnetic separation using CD4 + CD25 + regulatory T cell selection kit (Stem Cell Technologies). Purity of more than 95% was routinely achieved. T cells were cultured in X-VIVO15 medium (Lonza) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 50 μM 2-β-mercaptoethanol for all experiments except RGD blockade, which was carried out in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 μM 2-β-mercaptoethanol. Splenic DCs were sorted to more than 95% purity using CD11c microbeads (Miltenyi Biotech). Cells were cultured in 2 ml volume containing 1 × 10 5 DCs and 2.5 × 10 5 naive CD4 + T cells in the presence of 0.5 μg/ml anti-CD3 (145-2C11; BD Biosciences). Additional cytokines used were recombinant active TGF-β1 (1 ng/ml), purified human latent TGF-β (20 ng/ml), and IL-6 (20 ng/ml) (all R&D Systems). For antigen-specific T cell stimulation, 1 × 10 5 DCs from mice on a C57BL/6 background were incubated with 2.5 × 10 5 naive CD4 + T cells from OT-2 TCR transgenic mice, with 100 nM OVA323-339 peptide and cytokines, in the presence or absence of 1 × 10 5 DCs from BALB/c-background mice. For RGD blockade experiments, cRGD peptide was added at 2 μg/ml. Cells were cultured for 4 or 5 days before analysis of Th17 differentiation. IL-17A production was measured by intracellular cytokine staining, as described below, or by IL-17A release into the culture supernatant, measured using cytokine bead array (BD Biosciences). Expression of the Th17-specific transcription factor was measured by quantitative real-time PCR (QRT-PCR), as described below.
Flow cytometry and intracellular cytokine staining. For intracellular cytokine staining, cells obtained from dissection of LP, mesenteric and peripheral LNs, Peyer's patches, spleens, in vitro cultures, or brains were resuspended in T cell medium and stimulated for 5 hours with 10 ng/ml PMA/750 ng/ml ionomycin in the presence of intracellular transport inhibitors (1 μg/ml GolgiPlug; BD Biosciences). Cells were treated with Fc-blocking mAbs and surface stained with anti-CD4-APC (RM4-5), anti-CD8α-PerCP (53-6.7), or anti-TCR-γ-APC (GL3), followed by intracellular cytokine staining with anti-IL-17-PE (TC11-18H10), anti-IFN-γ-FITC (XMG1.2), anti-RORγ-PE (AFKJS-9), and anti-Foxp3-FITC (FJK-16s) according to the manufacturer's instructions (BD Biosciences or eBioscience). Data were acquired using FACSCalibur instrument (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc.). Percentage and absolute numbers of cytokine-expressing cells within the CD4 + , CD8 + , or TCR-γ + populations were determined.
QRT-PCR. RNA was prepared from 0.5 cm of the proximal colon of αv-tie2 mice and littermate controls of 6-8 weeks of age or from cultured T cells at day 4 of culture in Th17-generating conditions using Trizol (Invitrogen). cDNA was synthesized using reverse transcription reagent (Applied Biosystems). cDNA was analyzed by Fast start SYBR Green reagents (Roche) using a RealPlex Mastercycler (Eppendorf) and the inflammatory cytokine and receptors rtPCR array (SA Biosciences) or the following primers: Il17a 5′-GAAGATGCTGGTGGGTGTGG-3′ and 5′AGCCGCGGGTCTCT-GTTTAG-3′; Il17f 5′-TGAATTCCAGAACGCTCCA-3′ and 5′-TCTTCCT-GACCCTGGGCATT-3′; Rorc 5′-CCGCTGAGAGGGCTTCAC-3′ and 5′-TGCAGGAGTAGGCCACATTACA-3′. Expression levels of each gene were normalized to β-actin expression.
